In Brief
Where in the brain do neurons maintain sensory signals in working memory, and how is it implemented? Vergara et al.
show that the activity of frontal lobe neurons uses the same code for storing tactile and acoustic information in working memory.
INTRODUCTION
The sequential comparison of two flutter stimuli (either tactile or acoustic) separated by a delay period of a few seconds forces the subject to maintain a scalar analog value (frequency) in working memory . Where in the brain do neurons have the capacity to maintain such sensory signals in working memory, and how is it implemented? Previous studies reported that the primary somatosensory cortex (S1) contributes to working memory in more than one sensory modality Fuster, 2000, 2004) . However, during the sequential comparison of flutter stimuli, S1 and the auditory cortex (A1) encode only their corresponding principal modalities, and do so only during the stimulation periods of the discrimination task, not during the delay . These results suggest that working memory is maintained outside the primary sensory cortices. But, again, where and how? Are the two sensory modalities encoded in working memory by the same group of neurons or by distinct, modality-specific groups? And how similar are the neural codes for the two modalities?
We address these questions by recording from single neurons in the pre-supplementary motor area (pre-SMA), an area engaged in perceptual judgments , while trained monkeys discriminated, on interleaved trials, either two vibrotactile flutter stimuli, two acoustic flutter stimuli, or two cross-modal stimuli. We find that, during the delay period of the task, the firing rates of single pre-SMA neurons vary as monotonic functions of stimulus frequency, both for tactile and acoustic flutter. This capacity is subserved by a majority of bimodal and a minority of modality-specific neurons. The results show that single pre-SMA neurons use the same code for storing tactile and acoustic information in working memory. Such modality independence suggests a high degree of functional specialization for this area. As far as we know, this is the first demonstration of the existence of a supramodal (modality-independent or amodal) neural code for short-term memory representations.
RESULTS

Optimal Conditions for Studying Working Memory of More Than One Sensory Modality
During the flutter discrimination task ( Figure 1A ), monkeys pay attention to the first stimulus frequency (f1, A = acoustic flutter [red] ; f1, T = vibrotactile flutter [blue] ), store a trace of it during the delay between the two stimuli, and compare the stored trace (f1) to the second stimulus (f2, A = acoustic flutter [red] ; f2, T = vibrotactile flutter [blue] ). This is a working memory task, in the sense that it requires memorization of a continuous parameter, stimulus frequency, a scalar, analog value induced either via a tactile or an acoustic sensation. After the first stimulus and the delay, the task requires an ordinal comparison of the remembered value to a second frequency value (also induced by a tactile or an acoustic sensation). That is, the subject reports whether f2 > f1 or f2 < f1. Two monkeys (Macaca mulatta) were trained to discriminate, on randomly interleaved trials, either two tactile flutter stimuli ( Figure 1B) , two acoustic flutter stimuli ( Figure 1C) , or cross-modal stimuli. In the latter case, either f1 was tactile and f2 acoustic (Figure 1D ), or vice versa ( Figure 1E ). The success rates of the monkeys, measured as percentages of correct discriminations, were highly consistent across all of these conditions ( Figures 1B-1E , numbers in boxes). Notably, because we used a fixed delay period of 3 s between the two stimuli, monkeys could anticipate the time of delivery of f2, but not its sensory modality (p = 0.5). Also, the probability that f2 could be judged higher or lower than f1 was 0.5 for all trials ( Figures 1B-1E ).
Decoding Tactile and Acoustic Working Memory Signals from Single Pre-SMA Neurons The pre-SMA contains neurons that vary their activity during the delay period between two vibrotactile stimuli . For such neurons, the firing rate during the delay either increases (positive monotonic encoding) or decreases (negative monotonic encoding) monotonically as a function of f1 frequency. This encoding was suggested to be the key representation of vibrotactile stimulus frequency during the working memory component of this task (Romo et al., 1999 (Romo et al., , 2004 Brody et al., 2003; Herná ndez et al., 2002 Herná ndez et al., , 2010 . Here, we address the question of whether single pre-SMA neurons have the capacity to encode more than one sensory modality during the delay interval. We recorded from 205 neurons in pre-SMA ( Figure 1F ) while monkeys discriminated the stimulus combinations shown in Figures 1A-1E . One hundred and eighty three neurons (89% of the 205) changed their average firing rates during the task (Data Analysis in Supplemental Experimental Procedures). Out of the 183 recorded neurons judged to have task-related responses, 96 (52.5%) were found, based on offline statistical tests (Data Analysis in Supplemental Experimental Procedures), to have discharge rates that varied monotonically with f1 frequency during the delay period, either for the tactile or acoustic flutter stimuli (inset of Figure 1F ). This was determined by calculating the significant monotonic signal (slope different from zero, p < 0.01, for either a linear or sigmoidal fit with Q > 0.05; Data Analysis in Supplemental Experimental Procedures) in a time window of 200 ms displaced every 20 ms (Romo et al., 1999 Herná ndez et al., 2002 Herná ndez et al., , 2010 . Ninety four percent of the time the neuronal firing rate was described as a linear function of the f1 frequency, whereas the rest of the time it was described as a ''hard'' sigmoid function of f1 frequency (Romo et al., 1999) . As found previously, during discrimination of tactile stimuli, firing rates varied monotonically with stimulus frequency during the f1 and delay periods of the task (Figure 2, left) . Crucially, however, the current experiment showed that the same neurons were also sensitive to acoustic stimuli (Figure 2 , right), and that their encoding was congruent across modalities. That is, single bimodal neurons had similar positive (Figure 2 , top) or negative (Figure 2 , bottom) monotonic dependencies on f1 frequency for the two modalities. We found that the large majority of the neurons that showed significant monotonic encoding were bimodal (84 out of 96 neurons, 87.5%), whereas few neurons were modality-specific (7 out of 96 were tactile, 7.3%; 5 out of 96 neurons were acoustic, 5.2%). To figure out if the proportion of bimodal neurons (45.9%; 84 out of the 183 task-related responses) is higher than those expected by chance, we determined separately the proportion of tuned neurons by each of the two modalities (tactile, 47.5% [87 of the 183]; acoustic, 45.3% [83 of the 183]). This means that, by chance, we could expect 21.54% (0.475 * 0.453 = 0.215) of the neurons with bimodal responses, which is less than half of the proportion of neurons that we found. Also, both bimodal and modality-specific neurons could be sorted out according to the sign of the f1 encoding: either positive monotonic (n = 40, 41.7%; bimodal, n = 37, 92.5%; modality-specific: tactile, n = 2, 5%; acoustic, n = 1, 2.5%) or negative monotonic (n = 53, 55.2%; bimodal, n = 44, 83%; modality specific: tactile, n = 5, 9.4%; acoustic, n = 4, 7.6%). A minority of the neurons (2 out of 96, 2%) changed their dependency on f1 during the delay period, from positive to negative monotonic (n = 1, 1%) or vice versa (n = 1, 1%). Furthermore, only one neuron had a significant positive signal for one modality and a significant negative signal for the other at any point during the delay, so the coding of tactile and acoustic information was highly consistent. The majority of the monotonic responses began during the f1 stimulation period, and we calculated their latencies for both the tactile and acoustic flutter stimuli (A) Sequence of events in the task. In each trial, both the first (f1) and second (f2) flutter stimuli can be either tactile (T, blue) or acoustic (A, red). The four possible conditions were randomly interleaved in each experimental run. In each trial, the mechanical probe is lowered (pd), indenting (500 mm) the glabrous skin of one digit of the restrained hand; the monkey places its free hand on an immovable key (kd); after a variable delay 1-3 s, the first flutter stimulus (f1, either tactile or acoustic; 500 ms duration) is delivered; after a delay of 3 s, a second flutter stimulus (f2, either tactile or acoustic; 500 ms duration) is delivered at a comparison frequency; at the end of f2 the monkey releases the key (ku) and presses either a lateral or a medial push-button (pb) to indicate whether the frequency of the second stimulus was higher or lower than the first. Stimuli consisted of trains of 20 ms duration pulses. Stimulus amplitudes were adjusted to produce equal subjective intensities. (B-E) Discrimination performance in the four (f1, f2) modality combinations illustrated in A. Each box indicates a pair of frequencies (f1, f2). The number inside each box indicates overall percentage of correct trials for the (f1, f2) pair. (F) The schematic on the left shows the location of the pre-supplementary motor area (pre-SMA) on the brain surface, where single neurons were recorded during performance of the discrimination task. Middle panel shows an approximation of the sites where the 96 monotonic neurons were recorded. Blue and red circles correspond to modality-specific neurons, respectively; gray circles correspond to bimodal neurons. Circle size represents number of neurons (n). Arcuate sulcus (AS) and central sulcus (CS).
[n = 33]), and there was no significant difference across the two sensory modalities (Wilcoxon, p = 0.98; Siegel and Castellan, 1988) . Thus, in general, the same neurons encode the f1 stimulus frequency for tactile and acoustic stimuli, and did so in qualitatively the same way.
Dynamics of Both Tactile and Acoustic Working Memory Encoding in Single Pre-SMA Neurons
The strength of the encoded stimulus signal was not static during the delay period of the task ( Figure 3A ). For each of the 96 neurons, we determined the times during which the dependence of firing rate on stimulus frequency was significant (Romo et al., 1999) , either for the tactile (Figure 3 , blue) stimuli, the acoustic (Figure 3, red) , or both (Figure 3 , gray). Most neurons were tuned to f1 frequency only during a fraction of the delay interval, so relatively few of them carried a significant signal throughout the full delay ( Figures 3A and 3B ). Those that did, however, were almost purely bimodal ( Figure 3B ). Although some neurons switched back and forth between bimodal and modality-specific during the 3 s delay, the bimodal responses were always the most common at any given time ( Figures 3B and 3C) , and their predominance increased toward the end of the delay; that is, most of the neurons became bimodal during the period immediately before f2 delivery ( Figures 3A and 3C) . Furthermore, the strength of the activity tuned to f1 frequency (as measured by jjslopejj, Data Analysis in Supplemental Experimental Procedures) was clearly higher for the bimodal responses ( Figure 3D , gray bars) than for the modality-specific responses ( Figure 3D , colored bars). These results show that, during the delay period of the task, the pre-SMA signal that correlates with the remembered stimulus is, for the most part, the same regardless of modality, and the remaining sensitivity to modality becomes weaker toward the end of the delay, as the f2 stimulus becomes imminent.
Pre-SMA Neurons Code Both Tactile and Acoustic Information in Working Memory
To further quantify this finding, the predominance of one modality over the other was analyzed during four different time periods, from the f1 stimulation until the end of the delay ( Figures 3E and  3F ). For each of the four time periods, all the time bins carrying either significant modality-specific or significant bimodal linear monotonic responses were considered. Comparing across these four time intervals, it becomes clear that, as time progresses, the number of bins carrying a significant monotonic signal, tactile or acoustic, increases steadily, together with the fraction considered bimodal ( Figure 3E , left to right). Thus, in the 1 s interval immediately before f2 delivery, most of the bimodal points fall close to the diagonal, which corresponds to perfectly balanced bimodality (zero difference from 45 ; Kolmogorov-Smirnov [K-S], p < 0.05 [Siegel and Castellan, 1988] ), indicating that the strength of the encoding for both modalities was similar ( Figure 3E , rightmost column). The same trend was found when alternative plots were generated on the basis of bins that carried a significant amount of information about stimulus frequency (calculated in bits; permutation test, p < 0.05; see Salinas et al., 2000) , again marking each significant time bin as a response for tactile stimuli only, acoustic stimuli only, or both ( Figure 3F) . Thus, the increase in signal strength and in bimodality over time was evident based on two very different measures of association between stimulus frequency and firing activity (slope of tuning and frequency information; see Romo et al., 1999 and Salinas et al., 2000) . Finally, we plotted the information carried about stimulus frequency versus the information carried about stimulus modality, again for the same four chosen time periods ( Figure 3G ). Whereas both quantities show substantial scatter at the two earlier time periods, the information about modality diminishes considerably toward the end of the delay, confirming that the population activity becomes progressively less sensitive to modality. At these later time periods, most of the neurons reflected the f1 frequency in the same way, regardless of the modality through which f1 had been originally perceived ( Figure 3G , fourth column; zero difference from 90
; K-S, p < 0.05 [Siegel and Castellan, 1988] ).
Was Monotonic Coding of Both Tactile and Acoustic Information the Only Representation Displayed by Pre-SMA Neurons during Working Memory?
To search for firing rates that were not necessarily monotonic functions of f1, we grouped the responses depending on the value of f1 frequencies and tested whether there was any significant difference between responses to different f1 values of either tactile or acoustic stimuli by using a one-way ANOVA test (p < 0.05). The ANOVA test does not assume monotonicity or any other type of functional form. We analyzed all of the recorded pre-SMA neurons judged to have task-related responses (n = 183) in a time window of 200 ms displaced every 20 ms, using exactly the same format displayed in Figure 3 . According to the ANOVA test, out of the 183 neurons, 115 showed significant f1-dependent responses ( Figure S1 ): 96 showed monotonic functions (illustrated in Figure 3 and included in Figure S1 ), and 19 neurons showed nonmonotonic responses only ( Figure S2 ). It is clear that the dynamic of the neuronal responses obtained with the ANOVA test ( Figure S1 ) is quite similar to the dynamic Figures 2C, 2D , 2I, and 2J) was significantly different from zero ( Figures 2E, 2F , 2K, and 2L). Neurons with significant encoding during the f1 stimulus and first second of the delay period were designated as ''early'' (8); those with significant encoding during f1 and whole delay period were considered ''persistent'' (C); and those with significant encoding during the last second of the delay period were designated as ''late'' (◄). Those neurons that had significant periods at the middle of the delay or were tuned first ''early'' and then ''late,'' or vice versa, were marked as ''mixed'' (+). (E) Tactile versus acoustic tuning strength (slope magnitude) during four periods of the task. Each point corresponds to one significant time bin from one neuron, and is marked as either bimodal (gray), tactile only (blue) or acoustic only (red). Inset histograms show numbers of significant bins of each type, arranged according to deviation from bimodality (0 , tactile; 45 , bimodal; 90 , acoustic).
(F) As in (E), but based on mutual information about f1 frequency calculated in bits, rather than slope magnitude.
(G) Information about frequency versus information about modality, calculated in bits, for the same periods as in E and F. n = number of bins; q = mean value of angular deviation. (C-F) Tactile (C and E) and acoustic z score probability distribution (D and F) represented as a surface plot: x axis corresponds to f1* value, y axis to z score value, and z axis (gradient color) represents the probability of observing each z score value [P(Zjf1*), color bar]. Data were divided into hits (C and D) and errors trials (E and F) during five periods of the task (fore-period, first stimulus (f1), and each of the three seconds of the delay). For each of these intervals of time two measurements were made: frequency information (I, bits; ±99% CI, two sided) and the monotonic encoding strength obtained by a linear fitting (white lines are the best linear fit; dotted line represents 99% CI, two sided; slope, s).
(legend continued on next page)
responses obtained with the monotonic test (Figure 3 ), except that more bins conveying significant responses about f1 were detected with this test. To further display the responses of each of the 19 neurons, we normalized their activities using the z score transform ( Figure S2 and Data Analysis in Supplemental Experimental Procedures). We found that 4 of the 19 neurons significantly responded to one modality only (3 tactile [neurons 17-19 in Figure S2 ] and 1 acoustic [neuron 1 in Figure S2] ), again at different times during f1 and delay periods ( Figures S2A-S2C ). The rest of the neurons (15 of 19) showed bimodal bins with significant responses during f1 and delay periods, but shifted back and forth from bimodal to acoustic and tactile responses and vice versa ( Figure S2 ). However, just by looking at their responses displayed at the time windows where the ANOVA test was significant (p < 0.05, Figure S2E ), it is difficult to figure out the neural code representing the f1 value for either tactile or acoustic stimuli during working memory period of the task. We thus conclude that, within the resolution afforded by the tests used to decode information from the firing rates of pre-SMA neurons, monotonic coding seems to be the key representation of f1 during the working memory component of the task used here.
Tactile and Acoustic Working Memory Information during Hits and Errors
Information decoded from the firing rates of pre-SMA neurons during the hit trials alone allowed us to determine to what extent it was correlated with the tactile and acoustic stimuli, but not with the monkey's action choice itself, which might be partly based on the sensory stimulus encoded during the working memory component of this task. To further address this problem, we analyzed error trials and asked for each stimulus (f1, f2) pair, whether the activity of pre-SMA neurons showed any significant difference from hit trials. For this purpose, we used the normalized activity (z score) of all significant bins from the 96 monotonic neurons (Data Analysis in Supplemental Experimental Procedures) and information about f1 for each sensory modality was calculated as function of time, beginning 1 s before f1 up to the beginning of f2 for trials that ended in hit or error responses. In this analysis, we combined the z score from positive and negative monotonic bins according to their responses to the stimulus frequency (sorted out in opposite direction for trials where the tuning was negative, 8 Hz changed to 32 Hz, and vice versa). This monotonic dependence-frequency was called ''joint frequency'' (f1*) to differentiate it from the original stimulus frequency. According with the monkeys' performance and stimulus modality, we divided the responses into tactile hits, tactile errors, acoustic hits, and acoustic errors (z score probability distribution for each f1*, P[Zjf1*]). Using these distributions, we calculated the frequency information (bits) and monotonic strength (slope linear fitting) as a function of time. Figures 4A and 4B show that, during the delay period, information of either tactile or acoustic frequency significantly dropped for trials that ended in errors compared to those that ended in hits. This was also confirmed when we compared the slope values between hit and error trials of either modality (tactile slopes, Figure 4C versus Figure 4E ; acoustic slopes, Figure 4D versus Figure 4F) . However, such differences were not found during the f1 periods of either modality (overlapping interval confidence, significance level of 99%). Clearly, tactile slopes values calculated from error trials during the delay ( Figure 4E ) significantly decreased in comparison to the slopes calculated during hits trials ( Figure 4C ; see Figures S3A-S3C for slope comparisons). This trend was even more dramatic when we compared acoustic slope values calculated during hit trials ( Figure 4D ) versus the slopes calculated during error trials ( Figure 4F ; see also Figures S3D-S3F , and S3H). Apart from the above analysis, we also compared the monotonic strength during hit responses across modalities. We did not find significant differences between tactile and acoustic monotonic encoding ( Figure 4C versus Figure 4D ; see also Figures S3A, S3D , and S3G; slope difference = 0.006). However, this not necessarily implies that neural activity is similar for each f1*; in other words, how similar (or different) is the activity evoked by each f1* across modalities? To further address this problem, we computed from the P(Zjf1*) (hits displayed at the top of Figure 4G for tactile trials and to the right for acoustic hit trials) the mean z score activity for each f1*. This analysis shows that each mean z score point lies near to the diagonal line (slope = 0.92; linear bivariate regression [Thirumalai et al., 2011] ), and none of each P(Zjf1*) distribution differs between modalities (Figure S4) . Thus, the f1* responses are similar regardless of the sensory modality. This suggests that an ideal observer could use a common decoder to know the stimulus frequency from the neuronal population activity, but not the sensory modality (see also Figure 3F ). Interestingly, this was not the case when we compared the hit versus the error responses as a function of f1* (Figures 4H and 4I) . Notably, the tactile slope was almost half from the diagonal line (slope = 0.48, Figure 4H ), and even worse, the acoustic slope dropped near to zero (slope = 0.18, Figure 4I ). This analysis shows that the encoding of each stimulus frequency is indistinguishable from each other during error trials as compared to the encoding of each stimulus frequency during hit trials. These results suggest that part of the behavioral responses could depend on the capacity of the pre-SMA neurons to encode information about f1 during the working memory component of the task used here.
DISCUSSION
These results obtained in pre-SMA contrast with those of single neurons from early sensory cortices during the same task (G) Comparison between tactile hits versus acoustic hits from the mean z score activity (mean values, colored circles; horizontal [tactile, blue gradient] and vertical lines [acoustic, red gradient] represent mean ± 1 SD). Mean and SD values were calculated from each z score probability distributions [P(Zjf1*)], displayed at the top for tactile f1* and to the right for acoustic f1* (each f1* value corresponds to a color code, illustrated in the horizontal bars shown above). Linear bivariate regression was performed as an estimation of bimodal monotonic strength: as closer to the diagonal lies each point, more similar are the responses across modalities (slope = 0.92). (H and I) Mean z score comparison between hit versus error trials for tactile (H) and acoustic trials (I). Mean and SD values were obtained from hit (top traces) and error (right traces) P(Zjf1*) distributions, respectively. Straight lines and slope values were calculated from bivariate regress fitting as in (G). . Neurons from S1 and A1 encoded their corresponding principal modalities only, and did so only during the stimulation periods. Although many previous studies have shown that neurons from distinct areas of the frontal lobe have the capacity to encode specific memorized quantities, such as visual spatial locations (Funahashi et al., 1989) , vibrotactile frequency (Romo et al., 1999) , cross-modal (visual/acoustic) stimulus associations , numerosity (Nieder, 2012) , abstract rules (Miller and Cohen, 2001) , visual stimulus categories (Freedman et al., 2001) , and motor sequences (Ohbayashi et al., 2003; Hoshi and Tanji, 2004) , our study is the first to show that single neurons encode information in working memory about magnitude continua from two different sensory modalities. The same cells perform the same high-level cognitive function based on input signals originating from different sensory cortices.
Exactly how those pre-SMA neurons acquire the capacity to encode and sustain information of either modality is not known. The primary sensory cortices, S1 and A1, do not connect directly with the pre-SMA, and they show a virtually complete absence of frequency-specific activity during the delay period of the flutter discrimination task . Therefore, other circuits between the sensory and frontal cortices must play key roles in driving the pre-SMA responses documented here. The long latencies of pre-SMA neurons with delay period activity are consistent with this observation. Note, however, that the participation of other areas relates to two partially interrelated questions: (1) How, in general, is self-sustained activity generated during the delay period? And (2) at what point does the representation of stimulus frequency become bimodal? Regarding the first issue, single-unit recordings indicate that a wide network of cortical areas could potentially contribute to working memory. In fact, neurons from the prefrontal cortex (PFC), ventral premotor cortex (VPC), dorsal premotor cortex (DPC), and even the second somatosensory cortex (S2) show significant information about f1 stimulus frequency during the delay period of the vibrotactile version of the discrimination task (Romo et al., 1999 (Romo et al., , 2004 Salinas et al., 2000; Herná ndez et al., 2010) . Anatomically, it is known that the pre-SMA receives inputs from the PFC (Rizzolatti and Luppino, 2001; Wang et al., 2005) , but beyond this, knowledge about the functional connectivity between these two areas is limited, making it difficult to establish a functional hierarchy among those areas that exhibit activity related to working memory. Proposed biophysical mechanisms that may contribute to working memory, such as synaptic facilitation (Mongillo et al., 2008; Barak et al., 2010) and reverberating network activity (Barak et al., 2013) , do not help to distinguish the specific functional roles of these areas either. Regarding the second question, it is unknown at what point after the primary sensory areas the tactile and acoustic signals start converging on the same neurons. We do know that, in monkeys trained to perform the acoustic version of the flutter discrimination task, VPC neurons show monotonic stimulus encoding during the delay period, so the VPC processes tactile (Romo et al., 2004) and acoustic (Lemus et al., 2009 ) information in similar ways, but it is unknown whether the same neurons do so, as is the case in the pre-SMA. The alternative possibility is that the VPC or other areas more closely related to the primary sensory cortices, exhibit sustained, delay period activity that is predominantly modality-specific, and that the outputs of those dedicated memory circuits converge on the pre-SMA to render it bimodal.
But, were the pre-SMA neurons truly bimodal or instead they reflected in their responses that monkeys were converting all the stimuli into the same modality (like tactile)? Although we cannot give an answer to these questions with our current experiments, the tactile strategy appears that did not help to learn the acoustic discrimination task. Monkeys required a large number of training sessions to learn discrimination between two acoustic stimuli. However, once the animals learned to discriminate between the two tactile stimuli and between the two acoustic stimuli, they then quickly performed the cross modal test. This would suggest, as discussed above, that the sensory representations in S1 and A1 are routed to the pre-SMA and perhaps to other frontal lobe circuits by separate, independent facilitated systems, each converging into these circuits. But, what it is ultimately reflected in the activity of pre-SMA is the coding of the stored stimulus frequency in working memory regardless of the sensory modality. Such modality independence suggests a high degree of functional specialization for this area. This supports the existence in pre-SMA of a supramodal (modality independent or amodal) neural code for short-term memory representations.
Monotonic encoding seems to be the neural substrate of working memory for both tactile and acoustic stimuli during the discrimination task. This is supported by the fact that the strength of positive and negative responses decreased significantly during trials that ended in errors compared to those that ended in hits. These two opposite encodings of both tactile and acoustic stimuli are reflected in the activity of two separate, independent neuronal populations that might work together to maximize the storing of the f1 stimulus information in working memory for a successful comparison with f2 stimulus and, therefore, a correct decision report. A subtraction operation computed between pairs of S2 neurons simultaneously recorded, each with opposite monotonic tuning to the tactile stimulus frequency seems to reflect the actual neural computation that correlates with the animal's discrimination performance . But, whether this computation is implemented by pre-SMA neurons to store stimulus information during the working memory and decision making components of this task is an open question.
In summary, we established that single pre-SMA neurons maintain a representation of a task-relevant parameter-a neural correlate of parametric working memory-regardless of the original modality whereby that parameter was originally perceived. At one extreme, such supramodal representation could be highly restricted; it might exist just for task parameters (stimulus frequency) that happen to be highly congruent and similarly discriminable across specific modalities (tactile and acoustic), as is the case for periodic stimuli in the flutter range. On the other hand, the results could be evidence of a much higher level of functional specialization in the underlying circuitry, in which case they could generalize to other modalities (e.g., visual) and one-dimensional, analog quantities (e.g., stimulus amplitude, or duration). Investigating the degree of abstraction of such perceptual representations, and how they are constructed, are important goals for future studies.
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